Unraveling the karyotype structure of the spurges Euphorbia hirta ...
Introduction
The giant genus Euphorbia (spurges), a member of the family Euphorbiaceae, is one of the largest and most diverse groups of the plant kingdom, consisting of more than 2000 species with a very wide geographic distribution (Bruyns et al. 2006 , The Plant List 2013 , Webster 2014 . The species of the family are used mainly for ornamental and/or medicinal purposes (e.g. Shi et al. 2008, Mwine and Van Damme 2011) , although some caution must be required due to the toxic potential of these plants (e.g. Araújo et al. 2015) . Euphorbia hirta and E. hyssopifolia are cosmopolitan spurges with widely known medicinal properties, standing out mainly due to their diuretic and antimicrobial activities (e.g. Ayyannar and Ignacimuthu 2009, Alisi and Abanobi 2012 , Huang et al. 2012 , Kuta et al. 2014 , Santana et al. 2015 . Both species are sub-spontaneous and ruderal, native to the New World, tolerant to drought and high temperatures (Steinmann and Porter 2002) . They are broadly distributed in subtropical and tropical regions, from the sea level up to 1500 m (Amorozo 2002 , Schneider 2007 . In Brazil, they are often sympatric (Santana et al. 2015) and occur in all regions and biomes, where they inhabit degraded areas, roadsides, cultivated fields and gardens (Steinmann and Porter 2002) .
Similarly to the family as a whole, the genus Euphorbia is an extremely diversified group, not only taking into account morphology and habit (Webster 1994 ) but also regarding karyotypic characters (Hans 1973) . Therefore, the vast complexity of the genus may explain the controversies among the few analyses of the phylogenetic relationships within the group (see Bruyns et al. 2006 , Horn et al. 2012 , Dorsey et al. 2013 ). According to Bruyns et al. (2006) , the development of a natural classification for Euphorbia has been hampered by several factors, such as the high number of species, the wide geographic distribution of the genus and a high degree of convergence in various vegetative characters.
In groups with such a complex classification, the knowledge about chromosome features, such as the organization of interphase nuclei, diploid number, nuclear DNA content and physical mapping of repetitive DNA, may be critical to support studies on systematics and understanding evolutionary pathways Morawetz 2000, Guerra 2012 ). However, to date, just a few studies have provided some help towards elucidating the karyotypic patterns for both the genus and the family. As mentioned by D'Emerico et al. (2003) , the available karyotype data for Euphorbia species are minimal and, in most cases, there are only descriptions of chromosome numbers. Thus, aiming to increase the cytogenetic data and to identify chromosome markers for this important genus, cytogenetic analyses were performed with conventional staining, genome size estimations through flow cytometry, Giemsa C-banding, CMA/DAPI banding, impregnation with silver nitrate, FISH with 45S and 5S rDNA probes in the species E. hirta and E. hyssopifolia.
Material and methods
Fruits of specimens of E. hirta (vouchers: K.C.B. Santana 04, 05 and 06 -UFP) and E. hyssopifolia (vouchers: K.C.B. Santana 01, 02 and 03 -UFP) were collected in urban fragments of the Atlantic Forest in Recife (Pernambuco, Brazil). Subsequently, they were incubated at 50 °C for 5 h and then transferred to room temperature (ca. 25 °C) for three to four days to release the seeds, which were germinated in Petri dishes under an artificial system of circadian lighting (≥ 1,500 lux) at ~35 °C. Root tips were pre-treated with 2 mM 8-hydroxyquinoline for 90 min at room temperature and 23 h at 8 °C. For the conventional staining, fluorochromes and FISH procedures, the roots were fixated in ethanol:acetic acid (3:1, v:v), for 4-6 h at room temperature and stored at −20 °C.
The preparation of slides followed the methodology used by Benko-Iseppon and Morawetz (2000) . Root tips were hydrolyzed in 5N HCl for 20 min at room temperature and squashed in 45% acetic acid. Slides were stained with 2% Giemsa for 10 min, washed with distilled water and mounted with Entellan (Merck).
To estimate the DNA C-values, approximately 20-30 mg of fresh leaves from E. hirta and E. hyssopifolia were chopped on ice with 1 mL of GPB buffer (Loureiro et al. 2007) , with the addition of 3% PVP and 4% Triton X-100, to release the nuclei, according to Dolezel et al. (1989) , using Solanum lycopersicum Linnaeus, 1753 (2C = 2.06 pg) as the internal reference standard. For each species, three different samples were prepared, and at least 5,000 nuclei were analyzed for each species using a BD FACSAria II (BD Biosciences, San Jose, CA, USA) cytometer. Each output flow cytometry histogram from BD FACSDiVa software v. 6.1 was analyzed using Flowing Software v. 2.5 by Perttu Terho (Turku Centre for Biotechnology, University of Turku, Turku, Finland), with all peaks presenting a coefficient of variation smaller than 4%. The DNA 2C-values of each sample were calculated by the relative fluorescence intensity of the sample and the internal reference standard.
The C-banding methodology followed the procedures described by Guerra and Souza (2002) , with some modifications. Slides were immersed in preheated 45% acetic acid at 60 °C for 30 min, followed by washing in preheated distilled water (at 60 °C) that was gradually changed by water at room temperature. After drying, the slides were incubated in 5% Ba(OH) 2 for 30 min at room temperature and then washed with distilled water. Afterward, slides were immersed in a 2×SSC solution (300 mM NaCl and 30 mM Na 3 C 6 H 5 O 7 .2H 2 O) for 2 h at 60 °C, being subsequently washed with distilled water. The fluorochrome staining was performed as described below.
The impregnation with silver nitrate followed the protocol described by Vieira et al. (1990) , with modifications implemented by Vasconcelos et al. (2010) . After pretreatment procedures, roots were fixated in 50% ethanol, acetic acid and 37% formaldehyde (18:1:1, v/v/v) for 4 h at room temperature. Fixated roots were washed with distilled water and then incubated in an aqueous solution of 20% silver nitrate at 60 °C for at least 12 h. After removal of silver residues, the staining was revealed in a solution of 1% hydroquinone in 10% formaldehyde (1:1, v/v) for 2 min, followed by washing with distilled water. The meristematic tissue was squashed between slide and coverslip in 45% acetic acid with a drop of 1% acetic carmine. Then, the slides were frozen in liquid nitrogen, immersed in absolute ethanol for 4 min, dried and mounted with Entellan.
The CMA/DAPI banding followed Schweizer and Ambros (1994) , with some modifications. Root tips were washed three times (5 min each) in distilled water and digested for 2 h at 37 °C in an enzymatic solution of 2% cellulase (Onozuka) and 20% pectinase (Sigma). Meristems were washed, placed on slides and then squashed in 45% acetic acid. Chromosome preparations were aged for three days at room temperature, stained with CMA (0.5 mg/mL) for 1 h and DAPI (2 µg/mL) for 30 min, mounted in McIlvaine-glycerol buffer (1:1) and stored for three days. Two probes were used in the FISH procedures: (1) pTa71 clone, containing the repeating unit of the 18S-5.8S-26S rDNA from Triticum aestivum Linnaeus, 1753 (Gerlach and Bedbrook 1979) , and (2) pTa794 clone, which corresponds to the unit of the 5S rDNA gene isolated from T. aestivum (Gerlach and Dyer 1980) . Both probes were labeled with digoxigenin-11-dUTP (Roche) by nick translation and hybridized sequentially, according to Heslop-Harrison et al. (1992) . Chromosome preparations previously used in the CMA/DAPI banding were pretreated as described by Pedrosa et al. (2001) . Denaturation of chromosomes and probes, post-hybridization baths and the detection of the probes were carried out as described by Heslop-Harrison et al. (1991) , except for the stringency wash, which was conducted in 0.1×SSC (15 mM NaCl and 1.5 mM Na 3 C 6 H 5 O 7 .2H 2 O) at 42 °C. The hybridization mixtures consisted of 50% formamide (v/v), 10% dextran sulfate (w/v), 2×SSC and 2-5 ng/µL of the probe. The slides were denatured for 7 min at 85 °C and hybridized for at least 18 h at 37 °C. The probes were detected with a primary antibody against digoxigenin grown in sheep (DAKO) in combination with anti-sheep secondary antibody conjugated to FITC (DAKO). Slides were mounted in 2 mg/mL DAPI in Vectashield (Vector) (1:1, v/v).
Images of the best cells were captured with a Leica DMLB epifluorescence microscope with a Leica DFC 340FX camera, using the software Leica CW4000. Images were optimized for best contrast and brightness and the photos of FISH with 5S and 45 rDNA probe were pseudocolored in red and green, respectively (to allow the superposition of images), using Adobe Photoshop CS4 (Adobe Systems Incorporated). Additionally, chromosomes of 10 cells stained with DAPI of each species were measured to obtain the chromosome sizes and the relationship between the chromosome arms according to Guerra (1986) , using the software UTHSCSA ImageTool, for further elaboration of the mitotic idiogram through the software Adobe Illustrator CS4 (Adobe Systems Incorporated).
Results and discussion
The interphase nuclei of both species were predominantly semi-reticulated with a proximal pattern of condensation ( Figures 1A, 2A) . The chromosome counts showed diploid numbers of 2n = 18 for E. hirta and 2n = 12 for E. hyssopifolia (Figures 1-3) , confirming previous results for both species (e.g. Wang et al. 1999 , Bolaji et al. 2014 . In general, the species of Euphorbia, in comparison with the entire family, are relatively well represented in the chromosome count lists of Euphorbiaceae members, with approximately 310 species of the genus (15.4%) with available chromosome numbers, which ranges from 2n = 12 (in E. akenocarpa Gussone, 1821 and several other species) to 2n = 120 (in E. royleana Gussone, 1821) (see Hans 1973 , Rice et al. 2015 . This becomes more evident when we take into account the available data for Croton Linnaeus, 1753 (Euphorbiaceae), with less than 3% of the species with chromosome numbers described (34 out of ca. 1,200 species; The Plant List 2013, Rice et al. 2015) . In addition, the existence of several base numbers for Euphorbia (x = 6, 7, 8, 9, 10, etc.) indicates a great complexity of the processes of karyotype evolution and diversification within the group (Hans 1973 , Rice et al. 2015 . Therefore, one may notice the importance of the data published for Euphorbia species in improving the knowledge of the patterns of karyotype evolution within the family.
The karyotype presented metacentric and submetacentric chromosomes with gradual decreasing sizes, ranging in average from 1.21 µm to 2.58 µm, for E. hirta, and from 1.43 µm to 2.04 µm, for E. hyssopifolia. In general, Euphorbiaceae species exhibit small chromosomes (see Hans 1973 , Vanzela et al. 1997 , Carvalho and Guerra 2002 , such as those found in the two species analyzed, although there is also a wide variation in chromosome sizes within the genus Euphorbia, which ranges from 1-15 µm (Hans 1973) . Additionally, as observed for E. hirta and E. hyssopifolia, the occurrence of only metacentric and submetacentric chromosomes was already reported for other species of the family, such as Manihot spp. (Carvalho and Guerra 2002) , Jatropha curcas Linnaeus, 1753 (Carvalho et al. 2008 ) and castor (Ricinus communis Linnaeus, 1753) (Vasconcelos et al. 2010 ). On the other hand, acrocentrics and subtelocentrics were described for other Euphorbia species, such as E. characias Linnaeus, 1753 and E. meloformis Aiton, 1789 (Vosa and Bassi 1991, D'Emerico et al. 2003) .
Euphorbia hirta presented a smaller genome size (2C = 0.77 ± 0.02 pg) than E. hyssopifolia (2C = 1.41 ± 0.04 pg). These results fit in the known range of DNA content of species of the genus, which varies from 2C = 0.70 pg to 2C = 18.80 pg (see Bennett and Leitch 2012) . According to the most comprehensive phylogenetic reconstruction based on nuclear and plastid sequences for Euphorbia subgenus Chamaesyce Gray, 1821, provided by Yang and Berry (2011) , three major clades (Acuta, Hypercifolia and Peplis) were strongly supported. Thus, despite the inclusion of both E. hirta and E. hyssopifolia in the clade Hypericifolia, they were not recovered as closely related species. Therefore, a plausible explanation for the discrepancy regarding the genome size and chromosomes numbers between these two species could be their particular evolutionary histories.
However, despite accounting for more than half of the known genome sizes of members of Euphorbiaceae (19 out of 33 analyzed species), the proportion of Euphorbia analyzed species is considerably low, being less than 1% of the genus. Thus, the noteworthy range of variation of 41× among the species of the genus analyzed so far, between the diploid species E. peplus Linnaeus, 1758 (2n = 22; 2C = 0.70 pg) and E. polygona Haworth, 1803 (2n = 20; 2C = 28.70) , although quite high, may be an underestimation (see Bennet and Leitch 2016) . Also, while this is the first report of the genome size of E. hyssopifolia, Bennett et al. (1998) observed 2C = 1.30 pg for E. hirta, which is almost twice the value obtained here. Similarly, divergent genome sizes have been estimated for other Euphorbia species, such as E. amygdaloides L. with 2C = 5.48 pg (Vidic et al. 2009 ) and 2C = 7.02 pg (Temsch et al. 2010 ) and E. pulcherrima Willdenow ex Klotzsch, 1834 with 2C = 2.60 pg (Galbraith et al. 1983 ) and 2C = 3.30 pg (Bennet et al. 2000) . In this regard, these differences in the genome size within the same species may be associated with intraspecific variation in the abundance and distribution of genomic repeat classes, such as transposable elements (Kidwell 2002 , Heslop-Harrison 2012 .
In the CMA/DAPI banding, the pericentromeric region of all chromosomes showed positive bands for CMA and were negative for DAPI (CMA + /DAPI − ) for both species (Figures 1D-F, 2D-F) , as previously observed in castor (Vasconcelos et al. 2010 ) and frequently reported for angiosperms with small chromosomes (Guerra 2000) , such as cowpea (Vigna unguiculata Linnaeus, 1753) (Bortoleti et al. 2012 ). On the other hand, all chromosomes of both species presented neutral regions for both fluorochromes in the remaining portions of all chromosomes, except for the satellites, which were CMA + /DAPI − (Figure 3) . The Giemsa C-banding revealed the same heterochromatic regions evidenced by CMA/DAPI, which were sensibly enhanced by the CMA/DAPI/C-banding approach ( Figures 1G-H, 2G-H, 3) . Furthermore, after the CMA/DAPI/C-banding, DAPI bands could be observed in the pericentromeric region of all chromosomes of E. hirta and E. hyssopifolia, which may not necessarily be related to AT-rich heterochromatin, but to heterochromatin in general (Barros e Silva and Guerra 2010).
The FISH procedures revealed 45S rDNA terminal sites for both E. hirta (short arm of chromosome pairs 1, 3 and 5) and E. hyssopifolia (short arm of chromosome pairs 1, 2, 3 and 4) ( Figures 1I, 2I and 3 ), which were always associated with CMA + / DAPI − bands (Figure 3 ), such as in all previously analyzed Euphorbiaceae species (see Leitch et al. 1998 , Carvalho and Guerra 2002 , Vasconcelos et al. 2010 . On the other hand, only one site of 5S rDNA was observed in an interstitial position of the short arm of chromosome pair 2 of E. hirta ( Figure 1I ) and pair 1 of E. hyssopifolia ( Figure  2I ), as described for all other karyotypes within the family , Carvalho and Guerra 2002 , Witkowska et al. 2009 , Vasconcelos et al. 2010 ). In addition, both species presented 5S rDNA sites associated with CMA + bands (Figure 3 ), as described for castor, in which there was also a chromosome pair bearing both 5S rDNA and 45S rDNA (Vasconcelos et al. 2010) , and other few angiosperms (e.g. Cabral et al. 2006 , Bernardes et al. 2013 . As discussed by Roa and Guerra (2015) , the occurrence of 5S and 45S rDNA sites in the same chromosome (as observed for E. hyssopifolia) has been reported in several angiosperm species, possibly as a consequence of random transpositions of both sequences. Additionally, the authors observed that this association is more likely to be observed when there are multiple rDNA sites, as found in the present work. The maximum number of nucleoli per interphase nuclei visualized through impregnation with silver nitrate in E. hirta and E. hyssopifolia were six and eight, respectively ( Figure 1C, 2C) . However, the vast majority of cells of E. hirta and E. hyssopifolia exhibited, respectively, one (54.04%) and two (40.19%) nucleoli, with only 0.24% and 0.12% showing the maximum number of active NORs (Table 1 ). The low frequency of cells displaying the maximum number of evident nucleoli in both species is quite common for species with more than one NOR (see Vasconcelos et al. 2010 and references within), which probably occurred due to fusion of nucleoli and/or absence of activation of certain NORs in the previous interphase (Pikaard 2000, Preuss and Pikaard 2007) .
It is interesting to note that despite similarities in the morphology, habit and occurrence of both here studied species in the sampled area, no evidence of hybridization was detected during field work. This was confirmed by a recent report using phytochemical profiling and ISSR (Inter-Simple Sequence Repeat) markers, positioning both taxa in distinct branches (Santana et al. 2015) . Both species are sometimes confounded by the local herbal sellers, being sold under identical common names (e.g. erva-de-santa-luzia; Santana et al. 2015) . Thus, the here observed cytogenetic features reassure their position as completely distinct taxonomic entities.
Conclusions
The present analysis characterized the chromosomes of two Euphorbia species, being a pioneer in the application of the FISH methodology with members of the subfamily Euphorbioideae. The physical mapping of repetitive DNA played a complementary role between the different methodologies employed, generating markers that showed a relatively high conservation of the distribution pattern of heterochromatin between E. hirta and E. hyssopifolia. These findings indicated the high potential of the employed approaches in describing chromosome markers that may be very helpful differentiate species and understand karyotype evolution within such a diverse genus. Coimbra, Portugal) and Dr. Marcelo Guerra (Department of Botany, Federal University of Pernambuco, Recife, Brazil) with the valuable support for the realization of the procedures of C-DNA measurement. This work was carried out with the financial support of the following Brazilian agencies: Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq); Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES); and Fundação de Amparo à Ciência e Tecnologia do Estado de Pernambuco (FACEPE).
